The complexity of liver surgery is increased by the addition of laparoscopy, among other things, due to the risk of gas embolism (GE) as a result of pneumoperitoneum with carbon dioxide (CO 2 ) insufflation. 1 2 As the use of laparoscopic liver surgery has increased, so too has the need to predict and evaluate CO 2 embolism. 3 -9 We previously showed a GE occurrence rate of 70% during laparoscopic liver surgery in an animal model; half of these cases gave rise to haemodynamic/respiratory disturbances. 10 One condition thought necessary for GE to occur is the existence of a pressure gradient between the inside and the outside of a blood vessel. 11 -15 Thus, according to this theory, gas could migrate i.v. if the intra-abdominal pressure (IAP) exceeds the intra-luminal pressure in a wounded vessel. We have previously shown that the frequency and severity of GE was lower when IAP was 8 mm Hg compared with 16 mm Hg; however, this came at the cost of increased blood loss at the lower IAP. 16 One easy method of increasing the intra-luminal pressure in the liver veins, reflected by central venous pressure (CVP), 17 is to use PEEP. 15 18 -20 We therefore hypothesized that an elevation of CVP, through increased PEEP, would affect the frequency and severity of GE during laparoscopic liver resection in a porcine model.
Methods
The study design and the care and handling of the animals were approved by the Ethics Committee on Animal Experiments in Uppsala, Sweden.
Animal preparation
Twenty Swedish country-breed piglets aged 3 months, of both sexes, were used in the study. The animals were fasted overnight with free access to water. Before leaving the farm, the piglets were i.m. injected with xylazine 20 mg ml 21 The right outflow tract of the heart was monitored continuously by transoesophageal echocardiography (TOE) (Sonos 1000 Ultrasound system, Omniplane Probe; Hewlett Packard, Aliso Uiejo, CA, USA). Both TOE and the surgical procedure were recorded on video for later review. After the experiment, the animals were killed under general anaesthesia with i.v. KCl.
Measurements and calculations
Temperature, electrocardiography, heart rate, arterial pressure, pulmonary artery pressure, and CVP were continuously monitored (Marquette, Solar 8000, Hellige Systems, Germany) and recorded (AcqKnowledge 3.8.1 StatSoft w Scandinavia AB, Uppsala, Sweden). The CVP waveform consists of several peaks and descents of which the a-wave (CVP a-wave ) is the most prominent peak and the x-wave (CVP x-wave ) the nadir value (Fig. 1) . The pressure gradients between CVP a-wave and IAP and between CVP x-wave and IAP were analysed during the VC period, that is, when the vein was cut and left open for 3 min.
PCWP was measured and cardiac output (CO) calculated using the thermodilution technique. As there is no body surface area nomogram for piglets, we calculated cardiac index (CI) as CO/weight (kg); to indicate this difference, we used the abbreviation CI w instead of CI. Arterial blood gases (Pa O 2 , Pa CO 2 , and pH) were continuously monitored and recorded. Mixed venous oxygen saturation (Sv O 2 ) was measured before the start of the operation and at the end of the experiment (ABL 300, Radiometer, Copenhagen, Denmark). End-tidal CO 2 (E ′ CO 2 ), peak inspiratory pressure (PIP), dead space V d /V t [ratio of dead ventilation (V d ) to tidal ventilation (V t )], alveolar dead space, and physiological dead space were also recorded and calculated (CO 2 SMO plus, Nova Metrix Medical Systems Inc., CT, USA).
Operation technique
The liver resection was performed by two highly experienced surgeons. Pneumoperitoneum was established using a Veress needle, and the IAP was maintained at 16 mm Hg with CO 2 at room temperature. Dissection was conducted on the left side of the liver with an Ultrasound dissector (CUSA Excel w , Valleylab Inc., Boulder, CO, USA) and a Vessel sealing system (LigaSure TM , Valleylab Inc.). In the pig, the left hepatic vein is found approximately halfway through the resection of the left lobe. The vein was carefully dissected and a standardized venous cut (VC) of 6 mm was made into the anterior wall of the vein with scissors and then left open for 3 min before it was clipped with 10 mm clips (EndoClip TM , Autosuture, CT, USA) on both sides of the cut. Thereafter, division and full resection of the left lobe was performed. Haemostasis was checked and controlled during and at the end of the operation.
Experimental protocol
After completion of the preparations, no interventions were allowed for 30-45 min to achieve haemodynamic and respiratory stability. The animals were randomized into two groups for PEEP 5 (P5, n¼10) and PEEP 15 cm H 2 O (P15, n¼10). Baseline values were then obtained. For the P15 group, PEEP was increased to 15 cm H 2 O followed by a new stabilization period and a second set of baseline values were collected. CO 2 pneumoperitoneum was established in both groups. This was followed by another stabilization period and another set of baseline values were collected before the start of the surgery. Recordings were made every 5 min during the operation, except for PCWP and CO, which were recorded every 15 min. The systemic and pulmonary arterial pressures, end-tidal CO 2 , temperature, and PIP were recorded. Immediately after the surgery, a set of recordings were made before exsufflation of the pneumoperitoneum and PEEP was lowered to 5 cm H 2 O in the P15 group. After exsufflation, data were recorded every 10 min for a further 30 min.
Criteria for embolism TOE videos were reviewed and analysed blindly by two of the authors. With TOE, white dots observed moving with the blood flow in the right outflow tract were considered to be gas bubbles. A previously described scoring system was adapted for classifying the severity of each embolic episode. 10 21 These were classified as Grade 0 if ,5
bubbles were seen at the same time, Grade 1 if ≥5 bubbles were seen at the same time but the right outflow tract was not completely obscured by bubbles, and Grade 2 if the outflow tract was completely filled with bubbles. The end of a GE period was set when followed by an interval of at least 10 s without any bubbles.
Data analyses
Data handled by AcqKnowledge 3.8.1 (StatSoft w ) were collected at a frequency of 200 Hz. The mean values for every minute during the experiment were selected, with the exception of the embolization episodes for which mean values every 15 s were chosen. The mean of the final four 15 s values recorded immediately before the start of the embolization was used as a baseline for analysing changes. The time period analysed was 2 min after the end of embolization, unless a new embolization occurred within this period. Analyses of the variables focused on the times when GE was observed by TOE. 
Statistical analysis
The time period during the surgery was divided into two parts which were treated separately. The time from the beginning to the end of the surgical procedure except for the 3 min period of VC was considered as one part (non-VC). The other part was the 3 min VC which was considered an isolated time period, and thereby, only one embolization event was possible. The changes in respiratory and haemodynamic variables were non-normally distributed and thus non-parametric tests were used. The Mann -Whitney U-test was used to analyse differences between the treatment groups before operation and during the non-VC period. Fisher's exact test was used to compare the severity of GE during the VC period between the P5 and P15 groups. Statistical significance was set at P,0.05.
Results
Piglet body weight was similar in the two groups, P5: 25.2 (2.2) kg and P15: 25.5 (2.1) kg. After the establishment of pneumoperitoneum (16 mm Hg) before the start of the surgery, the physiological variables were assessed and compared. The groups differed in CVP, Pa CO 2 , Pa O 2 , CI w , and Sv O 2 (Table 1) . At baseline in the P15 group, the median (range) CVP was 9 (6-14) cm H 2 O, and after increasing PEEP to 15 cm H 2 O, CVP was 10.5 (8 -13) cm H 2 O (P¼0.97). After the establishment of pneumoperitoneum, however, CVP was higher in the P15 group (P¼0.001; Fig. 2) .
In five of 20 piglets, there were no signs of GE during the whole procedure. In six of the animals, GE occurred in the non-VC or the VC period, and for the remaining nine piglets, GE occurred in both periods of the operation (Table 2 ). Comparing the P5 and P15 groups in terms of number and grade of embolic events, there were no differences either during VC (P¼0.65, Fisher's exact test) or the non-VC periods (P¼0.24, Mann -Whitney U-test).
Three piglets in the P5 group and five in the P15 group showed no signs of GE during the VC period, despite CVP x-wave ,IAP (Table 3 ). For the remaining seven piglets in the P5 group and two of the piglets in the P15 group, both the CVP x-wave and the CVP a-wave were ,IAP while GE occurred during the VC. For the last three piglets in the P15 group showing GE during the VC, both the CVP x-wave and the CVP a-wave were higher than the IAP. Two of these were classified as Grade 2 embolism.
The duration of surgery and the median occurrences of Grade 1 and 2 embolisms of the total operating time were not different between the two groups (Table 4) . 
Discussion
No differences were found between the P5 and P15 groups in the frequency or severity of GE during laparoscopic liver resection. During the non-VC period, GE occurred in 60% of the animals, mostly as harmless Grade 1 episodes, which is in accordance with our previous study. 10 Grade 2 episodes had negative effects on respiration and circulation. By increasing PEEP, CVP was elevated and differed between the two groups after the establishment of pneumoperitoneum. CVP is a variable influenced by many factors such as intrathoracic pressure, hydration, and systemic venoconstriction which explains the variation commonly seen during an operation. As gas flux is thought to be influenced by a pressure gradient, in this case the difference between CVP and IAP, the importance of CVP in the occurrence of GE was analysed in our study. It is essential to keep in mind that CVP is a calculated value. In reality, this pressure consists of systolic and diastolic components with following phasic pressure variations (Fig. 1) . It is these pressure peaks and valleys which represent the pressure gradients compared with the IAP. In spite of an open vein and CVP x-wave ,IAP during the VC, eight of the 20 piglets showed no signs of GE and GE occurred irrespective of whether CVP was higher or lower than the IAP. We compared not only the numbers of GE events between the groups but also the duration of surgery and the total duration of occurrence of GE during the surgery. Neither was there a difference between groups P5 and P15 in the duration of surgery nor in the occurrence rate of Grade 1 or 2 embolisms.
The differences between humans and pigs, in terms of pulmonary structure and reactions that might influence the restoration of a disturbed ventilation -perfusion ratio, have previously been discussed in detail. 22 23 One concern with applying a PEEP as high as 15 cm H 2 O was the negative effect upon the circulation, illustrated by a decrease in CI w and Sv O 2 . 24 Even if the CVP in all animals in the P15 group was at least 16 mm Hg before the surgery started, it almost always decreased and varied in an unpredictable way (Fig. 1) . It is unclear whether a further increase in PEEP could have stabilized CVP at a higher level than IAP without having a devastating effect on the circulation. Schmandra and colleagues 25 recommended an elevation of the CVP to a level permanently exceeding the IAP to reduce the risk of GE; however, they also reported that episodes of GE were detected when the CVP was both above and below the IAP. Jayaraman and colleagues 26 reported that the CVP -IAP gradient did not influence the occurrence of GE in a pig model during laparoscopic hepatectomy. In the field of neurosurgery, many studies have been conducted concerning the problem of air entrance through noncollapsible venous channels. Different methods have been used to increase the pressure in the venous sinuses above atmospheric pressure, with a reduced frequency of air embolism reported. 18 27 28 In a recently published study, our group reported that the embolization grade and frequency were lower when applying an IAP of 8 mm Hg compared with one of 16 mm Hg. 16 However, there remains little agreement as to the impact of CVP, blood loss, and IAP on the risk of GE. 16 17 29 The theory that the pressure gradient inside and outside a venous vessel alone is responsible for gas flux could not be supported in this trial. The filling pressure on the right side of the heart (i.e. CVP) was, as expected, elevated with an increased PEEP. During the VC, GE mostly occurred when IAP.CVP, but the opposite also occurred. Interestingly, all eight animals without GE during the VC had periods of a positive CVP -IAP gradient but with no signs of i.v. gas migration. The physics of gas flux is apparently influenced by the IAP, According to Henry's law, the amount of gas dissolved in a liquid is directly proportional to the partial pressure of the gas in the equilibrium with the liquid as long as the temperature is stable. Gas flux from higher to lower partial pressure and CO 2 therefore ought to migrate from the abdomen (with a high PCO 2 due to pneumoperitoneum) into the veins of the liver where the blood has a lower PCO 2 . However, in the heart, the gas is seen as bubbles on the TOE. There is no reasonable explanation for the dissolved CO 2 coming out of solution when reaching the heart.
As long as there is a blood flow, gas can be transported along with the stream towards the heart. Respiration causes a rhythmic compression and decompression with an influence upon the liver parenchyma, the thoracic pressure, and the central venous return. These changes in flow velocity and pressure might influence the ease of, and amount of, gas flux into the blood according to entrainment, a Venturilike effect, and thereby contribute to a risk of GE. An even and stable blood flow could therefore have a positive influence upon the frequency and severity of GE. Further studies are required to investigate whether entrainment is important in this respect.
In summary, an increase in PEEP elevated the CVP when combined with pneumoperitoneum, but at the cost of a negative influence on the circulation. Despite a positive CVP -IAP gradient, GE occurred in this experimental study. There must therefore be other explanations for GE occurrence, irrespective of the CVP level. One explanation could be entrainment, which might be exaggerated by the pressure and thereby flow changes caused by respiration. Future studies are required to explore the underlying mechanisms. For the anaesthetist, and the surgeon, it is important not to underestimate the risk of GE, despite a positive CVP -IAP gradient during laparoscopic procedures in the liver.
